1. Introduction {#sec1}
===============

Regenerating islet-derived proteins (Regs) comprise the superfamily of C-type lectin proteins encoded by *Reg1*, *Reg2*, *Reg3a*, *Reg3b*, *Reg3g, Reg3d*, and *Reg4* \[[@bib1],[@bib2]\]. The Reg family proteins are expressed in various tissues and have pleiotropic functions. *Reg3b* and *Reg3g* encode murine Reg3β and Reg3γ, respectively, and are murine homolog of human REG3A. Both proteins are highly expressed in the small intestine of adult mice at both mRNA and protein levels, but their expression is very low in the colon. Intriguingly, expression of Reg3β and Reg3γ is not detectable in the embryonic mouse intestine but gradually increases along with colonization of the commensal bacteria after birth \[[@bib3]\].

Reg3β promotes tissue repair of ischemic heart injury through recruiting macrophages and pancreatic tumor growth by skewing M2-type macrophages \[[@bib4],[@bib5]\]. M2-type macrophages express several markers, including Arginase 1 (Arg1), Mannose receptor C-type 1 (Mrc1), Resistin-like alpha (Retnla), and Ym1, and are critically involved in tissue repair process \[[@bib6]\]. *Reg3g*^*−/−*^ mice are highly susceptible to bacterial infection \[[@bib7]\], suggesting that Reg3γ restricts the invasion of pathogenic bacteria under homeostatic conditions. *Reg3b* and *Reg3g* expression is upregulated by interleukin (IL)-6 and IL-22 in a signal transducer and activator of transcription (STAT)3-dependent manner \[[@bib8]\]. T~H~17 cells and group 3 innate lymphoid cells (ILC3s) are major sources of IL-22 in the intestine \[[@bib9],[@bib10]\]. T~H~17 cells and ILC3s express a transcription factor, RAR-related orphan receptor gamma t (RORγt), which is encoded by *Rorc* and essential for their development \[[@bib9],[@bib10]\]. Accordingly, the expression of IL-22 is severely diminished in the intestine of *Rorc*^*−/−*^ mice. We previously reported that expression of *Reg3b* and *Reg3g* is abolished in the small intestine of *Rorc*^*−/−*^ and *Il22*^*−/−*^ animals, but not in *Rag2*^*−/−*^ mice \[[@bib11]\]. Thus, ILC3-dependent IL-22 production is crucial for upregulation of *Reg3b* and *Reg3g*, but T~H~17 cell-dependent production is not.

Apoptosis is a form of programmed or regulated cell death that is executed by activation of caspases \[[@bib12]\]. Recent studies have focused on necroptosis, another form of regulated form of cell death \[[@bib13],[@bib14]\] that is crucial in the development of ischemia-reperfusion injury and elimination of some viruses. Various agents, including tumor necrosis factor, FasL, TRAIL, polyinosinic-polycytidylic acid, and viral infection, induce necroptosis. Necroptosis is executed by sequential phosphorylation of receptor-interacting protein kinase (RIPK)1, RIPK3, and an executioner protein of necroptosis called mixed lineage kinase domain--like protein (MLKL). The phosphorylated form of MLKL undergoes oligomerization and then translocates to the plasma membrane, resulting in membrane pore formation. Activation of caspase 8 blocks the necroptotic pathway through cleavage and inactivation of RIPK1 and RIPK3 under physiological conditions \[[@bib13],[@bib14]\]. Cellular FLICE-inhibitory protein (cFLIP) is a caspase 8--like protein but lacks cysteine protease activity, so that cFLIP binds to and suppresses caspase 8 activation \[[@bib15],[@bib16]\]. cFLIP consists of a short form (cFLIPs) and long form (cFLIP~L~) because of alternative splicing, and the forms are encoded by *CFLARs* and *CFLAR*~*L*~, respectively. cFLIP~L~ blocks both apoptosis and necroptosis, whereas cFLIPs blocks apoptosis but promotes necroptosis \[[@bib17],[@bib18]\].

We recently reported that mice expressing *CFLARs* on the X chromosome develop severe ileitis and that male *CFLARs* Tg mice die before or around birth because of severe ileitis \[[@bib11]\]. The expression of Reg3β and Reg3γ is aberrantly elevated in the embryonic small intestine of *CFLARs* Tg animals but not in wild-type mice \[[@bib11]\]. Given that deletion of *Rorc* or *Il22* substantially rescues the lethal phenotype of *CFLARs* Tg mice \[[@bib11]\], aberrantly activated ILC3s are primarily responsible for intestinal injury. However, it is unclear whether the elevated *Reg3b* or *Reg3g per se* attenuates or exacerbates ileitis in *CFLARs* Tg mice. To address this issue, we generated *Reg3b^−/−^* animals and found that deletion of *Reg3b* increased embryonic lethality in *CFLARs* Tg mice. Moreover, we found that dextran sulfate sodium (DSS)-induced colitis was exacerbated in *Reg3b*^*−/−*^ mice. Together, these results suggest that attenuation of colitis and ileitis is a result of Reg3β′s real function.

2. Materials and methods {#sec2}
========================

2.1. Reagents {#sec2.1}
-------------

The following antibodies used in this study were obtained from the indicated sources: anti-green fluorescent protein (GFP) (Go-Af1480, Frontier Institute), anti-Reg3β (AF5110, R&D Systems), anti-Reg3γ (provided by H. Kiyama), anti-phospho-STAT3 (9131, Cell Signaling), anti-STAT3 (sc-482, Santa Cruz), anti-β-tubulin (T5168, Sigma-Aldrich), anti-CD45.2 (104, BioLegend), anti-CD11b (M1/70, TONBO Biosciences), and anti-Ly-6G (1A8, TONBO Biosciences). Horseradish peroxidase-conjugated donkey anti-rabbit IgG (NA934) and sheep anti-mouse IgG (NA931) antibodies were purchased from GE Healthcare Life Sciences. Alexa Fluor 594--conjugated donkey anti-rabbit immunoglobulin G (IgG) (A21207) and Alexa Fluor 488--conjugated donkey anti-goat IgG (A11055) antibodies were from Invitrogen.

2.2. Mice {#sec2.2}
---------

C57/BL6J mice were purchased from CLEA-Japan. *Rorc-gfp* reporter (*Rorc-gfp/gfp*) mice \[[@bib19]\] were provided by K. Honda under a third-party transfer agreement with the Jackson Laboratory. *CFLARs* Tg mice have been described previously \[[@bib11]\]. All animal experiments were performed according to the guidelines approved by the Institutional Animal Experiments Committee of Toho University School of Medicine.

2.3. Generation of *Reg3b^−/−^* and *Reg3g^−/−^* mice by the *CRISPR-Cas9* method {#sec2.3}
---------------------------------------------------------------------------------

A detailed strategy for generating *Reg3b*^*−/−*^ and *Reg3g*^*−/−*^ mice by the *CRISPR-Cas9* method has been described previously \[[@bib20]\]. Among several lines harboring a deletion of the *Reg3b* and *Reg3g* genes, we established two lines of *Reg3b*^*−/−*^ mice and two lines of *Reg3g*^*−/−*^ mice. *Reg3b*^*−/−*^ and *Reg3g*^*−/−*^ mice were backcrossed with C57/BL6J animals for at least four generations. To generate *CFLARs* Tg;*Reg3b*^*−/−*^ mice, we crossed female *CFLARs* Tg mice with male *Reg3b*^*−/−*^ mice. Primers for genotyping of these mice are described in [Table S1](#appsec1){ref-type="sec"}.

2.4. Histological, immunohistochemical, and immunofluorescent analysis {#sec2.4}
----------------------------------------------------------------------

To detect RORγt^+^ cells by immunofluorescent analysis, we crossed *CFLARs* Tg mice with *Rorc-gfp/gfp* mice, in which GFP expression is under the control of the endogenous *Rorc* gene promoter \[[@bib19]\]. The small intestine was removed from *Rorc-gfp/+*, male *CFLARs Tg*;*Rorc-gfp/+*, and female *CFLARs* Tg*;Rorc-gfp/+* animals at embryonic day 18.5 (E18.5) and fixed in 10% formalin phosphate-buffered saline (PBS). Paraffin-embedded sections were stained with anti-GFP (to detect RORγt^+^ cells), anti-Reg3β, and anti-phospho-STAT3 (pSTAT3) antibodies and visualized by the respective Alexa Fluor--conjugated secondary antibodies. We used the tyramide signal amplification method to increase the signals of pSTAT3 according to the manufacturer\'s instructions (NEL741001KT, PerkinElmer). Pictures were obtained by a confocal microscopy (Nikon). Images were analyzed with NIS-Elements AR Analysis software (Nikon).

The small intestines and colons of 8- to 12-week-old wild-type, *Reg3b*^*−/−*^, and *Reg3g*^*−/−*^ mice were fixed in 10% formalin PBS. Paraffin-embedded sections were stained with hematoxylin and eosin (H&E) or immunostained with anti-Reg3β antibody, and visualized by HRP-conjugated donkey anti-rabbit IgG. Pictures were obtained using an All in One microscope (BZ-X710, KEYENCE), and images were analyzed with KEYENCE software (KEYENCE).

2.5. Quantitative polymerase chain reaction (qPCR) {#sec2.5}
--------------------------------------------------

Total RNA from the small intestine and colon was prepared from 8- to 12-week-old mice, and cDNA was synthesized with the Revertra Ace qPCR RT Kit (Toyobo). qPCR analysis of the target genes was performed with the 7500 Real-Time PCR detection system with the SYBR green method and an endogenous control, murine *Hprt*, with 7500 SDS software (Applied Biosystems). The amounts of each gene were calculated relative to those of murine *Hprt* with 7500 SDS software (Applied Biosystems). The following primers were used in this study: *Arg1*, 5′-CCACACACCTGTAAGCCAGG-3′ and 5′-CAGTACTTGATGGTCCTTCCG-3\'; *Chil3*, 5′-AAAGACAAGAACACTGAGCTAAAAACTC-3′ and 5′-GAATCTGATAACTGACTGAATGAATATC-3\'; *Hprt,* 5′- AACAAAGTCTGGCCTGTATCCAA -3′ and 5′-GCAGTACAGCCCCAAAATGG-3'; *Il6*, 5′-GTATGAACAACGATGATGCACTTG-3′ and 5′- ATGGTACTCCAGAAGACCAGAGGA-3'; *Il11*, 5′-CTGCACAGATGAGAGACAAATTCC-3′ and 5′-GAAGCTGCAAAGATCCCAATG-3'; *Il17a*, 5′-CTGGAGGATAACACTGTGAGAGT-3′ and 5′- TGCTGAATGGCGACGGAGTTC-3'; *Il22*, 5′-TCCGAGGAGTCAGTGCTAAA-3′ and 5′-AGAACGTCTTCCAGGGTGAA-3'; *Mrc1*, 5′-TCTTGTTTGTCCCAGGCAAGG-3′ and 5′-ACCCAGTTATGCAAATTTACAGG-3'; *Reg3b*, 5′-CTCCTGCCTGATGCTCTTAT-3′ and 5′-TTGTTACTCCATTCCCATCC-3'; and *Reg3g*, 5′-ACGAATCCTTCCTCTTCCTCAG-3′ and 5′-GTCTTCACATTTGGGATCTTG-C-3'; *Retnla*, 5′-ATCTTGGGAGATCCAGAGTGG-3′ and 5′-TCAAAGCTGGGTTCTCCACC-3\'.

2.6. Western blotting {#sec2.6}
---------------------

Murine tissues were homogenized with a Polytron (KINEMATICA) and lysed in RIPA buffer \[50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 25 mM β-glycerophosphate, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 1 μg/ml aprotinin, 1 μg/ml leupeptin, and 1 μg/ml pepstatin\]. After centrifugation, cell lysates were subjected to SDS polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes (IPVH 00010, Millipore). The membranes were analyzed by immunoblotting with the indicated antibodies and developed with Super Signal West Dura Extended Duration Substrate (34076, Thermo Scientific). The signals were analyzed using an Amersham Imager 600 (GE Healthcare Life Sciences).

2.7. Induction of DSS-induced colitis {#sec2.7}
-------------------------------------

Eight-to twelve-week-old male wild-type (C57BL/6J) and *Reg3b*^*−/−*^ mice (9--10 mice per group) were administered with 1.5% DSS (MW: 36,000--50,000 D; MP Biomedicals) *ad libitum* in drinking water for 5 days, which then was changed to regular drinking water. Control wild-type C57/BL6 mice were cohoused with *Reg3b^−/−^* mice for at least 2 weeks to adjust the composition of the commensal microbiota before DSS administration. When animals lost 20% of initial body weight or were unable to take food or water on their own, they were immediately euthanized by cervical dislocation. The colons of mice that did not lose 20% body weight were removed on day 8 or 13 after DSS treatment and subjected to flow cytometric analysis and histological analysis, respectively.

2.8. Preparation of lamina propria cells from the colon {#sec2.8}
-------------------------------------------------------

Lamina propria cells were prepared from colon samples of DSS-treated mice on day 8 as described previously \[[@bib21]\]. Briefly, after removal of mucosa and epithelial cells by incubating in the presence of EDTA (1 mM), the intestine was cut into small fragments and digested with collagenase (1 mg/ml, Wako). Cells were filtered using nylon mesh, suspended in a 40% Percoll solution (GE Healthcare), and placed in an 80% Percoll solution. After centrifugation for 20 min at 880×*g* at room temperature, cells at the interface of 40% and 80% Percoll were harvested and analyzed by flow cytometry.

2.9. Flow cytometry analysis {#sec2.9}
----------------------------

Cells were stained with anti-CD45.2, anti-CD11b, and anti-Ly-6G in flow cytometry staining buffer (eBioscience). Fixable Viability Dye eFluor 506 (65-0816-14, eBioscience) was used to distinguish live from dead cells, and live cells were analyzed using LSR Fortessa X-20 cell analyzer (BD Bioscience) and FlowJo (BD Biosciences).

2.10. Statistical analysis {#sec2.10}
--------------------------

Statistical significance was determined using the two-tailed unpaired Student *t*-test or repeated measures ANOVA. \**P* \< 0.05 was considered to be statistically significant.

3. Results {#sec3}
==========

3.1. Characterization of the expression of Reg3β in the intestine of embryos and adult mice {#sec3.1}
-------------------------------------------------------------------------------------------

Because GFP is expressed under the control of the endogenous promoter of *Rorc* in *Rorc-gfp* reporter mice \[[@bib19]\], RORγt^+^ cells (ILC3s and T~H~17 cells) are recognized as GFP^+^ cells. We previously reported that the expression of Reg3β is elevated in the small intestine of embryos of *CFLARs* Tg mice, but not in wild-type animals \[[@bib11]\]. To investigate further the relationship between infiltration of RORγt^+^ cells and the expression of Reg3β, we analyzed the small intestine of wild-type and *CFLARs* Tg mice at E18.5 by immunofluorescent analysis. Male and female *CFLARs* Tg mice are referred to as *X*^*CF*^*Y* and *X*^*CF*^*X* mice, respectively, hereafter.

We found that RORγt^+^ cells accumulated and that intestinal epithelial cells (IECs) expressed Reg3β in the small intestine of *CFLARs* Tg embryos, but not in wild-type mice ([Fig. 1](#fig1){ref-type="fig"}A). Reg3β-positive signals were also detected in the lumen of the small intestine, suggesting that Reg3β protein was secreted from IECs and accumulated there ([Fig. 1](#fig1){ref-type="fig"}A). Moreover, we detected pSTAT3-positive IECs in the small intestine of *CFLARs* Tg embryonic mice, but not in wild-type mice ([Fig. 1](#fig1){ref-type="fig"}B). Of note, deletion of *Rorc* depleted RORγt^+^ cells, resulting in abrogation of *Reg3b* expression in the small intestine of *CFLARs* Tg mice \[[@bib11]\]. These data together suggest that RORγt^+^ cells induce production of Reg3β by IECs along with phosphorylation of STAT3.Fig. 1Expression of Reg3β and infiltration of RORγt^+^ cells in the small intestine of *CFLARs* Tg mice at the embryonic stage. (A, B) Small intestine sections from wild-type (WT), *X*^*CF*^*Y*, and *X*^*CF*^*X* mice on a *Rorc-gfp*/+ genetic background at E18.5 were stained with anti-GFP (green) and anti-Reg3β (red) (A), or anti-pSTAT3 antibodies (magenta) (B). Lower panels are enlarged images of white boxes in the upper panels (A). White arrowheads indicate RORγt^+^ cells. Scale bars, 100 μm. (C) Expression of Reg3β in the small intestine and colon of adult wild-type mice. Tissue extracts were prepared from the small intestine and colon of 8- to 12-week-old wild-type mice and examined by Western blotting with the indicated antibodies. Each number indicates an individual mouse. Results represent two independent experiments. (D) mRNA was prepared from the small intestine and colon of 8- to 12-week-old mice, and the expression of *Reg3b* and *Reg3g* was determined by qPCR. Results are mean ± SEM (n = 12 mice). Statistical significance was determined using the two-tailed unpaired Student\'s *t*-test. \*\*\**P* \< 0.001.Fig. 1

In contrast to the absence of Reg3β expression at the normal embryonic stages, Reg3β was abundantly expressed in the small intestine, but not the colon of adult wild-type mice ([Fig. 1](#fig1){ref-type="fig"}C). Moreover, Reg3β expression correlated with phosphorylation of STAT3 ([Fig. 1](#fig1){ref-type="fig"}C). Consistent with these data, the expression of *Reg3b* and *Reg3g* was highly elevated in the small intestine but not in the colon of adult wild-type mice ([Fig. 1](#fig1){ref-type="fig"}D).

3.2. Generation of *Reg3b^−/−^* and *Reg3g^−/−^* mice by the *CRISPR-Cas9* method {#sec3.2}
---------------------------------------------------------------------------------

Although we previously reported that deletion of *Rorc* or *Il22* attenuates embryonic lethality in *CFLARs* Tg mice \[[@bib11]\], whether elevated Reg3β *per se* attenuates or exacerbates ileitis in *CFLARs* Tg mice remains unclear. Moreover, we have found that *Reg3g* expression is highly elevated in the embryonic small intestine of *CFLARs* Tg mice \[[@bib11]\] and in adult wild-type animals ([Fig. 1](#fig1){ref-type="fig"}D). Given that Reg3γ exhibits 70% amino acid sequence identity with Reg3β \[[@bib22],[@bib23]\], one might surmise that Reg3β and Reg3γ could mutually compensate for function under certain conditions. Thus, we tried to generate *Reg3b* and *Reg3g* double-deficient mice by the *CRISPR-Cas9* method. We designed a single all-in-one *FokI-dCas9* vector that encoded four different guide RNAs targeting exon 3 of the *Reg3b* and *Reg3g* genes \[[@bib20]\]. Although we did not generate *Reg3b* and *Reg3g* double-deficient mice, we independently generated two lines of *Reg3b*^*−/−*^ mice and two lines of *Reg3g*^*−/−*^ mice. Two lines of *Reg3b*^*−/−*^ mice, designated as B12 and B52, harbored 29-bp and 32-bp deletions of exon 3 of *Reg3b*, respectively ([Fig. 2](#fig2){ref-type="fig"}A). By Western blotting and immunohistochemistry, we confirmed that Reg3β expression was abolished in the small intestine of *Reg3b*^*−/−*^ mice ([Fig. 2](#fig2){ref-type="fig"}B and C). *Reg3b*^*−/−*^ mice grew without apparent abnormalities of the small intestine or colon ([Fig. 2](#fig2){ref-type="fig"}D).Fig. 2Generation of *Reg3b*^*−/−*^ mice. (A) Deletion of exon 3 of *Reg3b* genes in two lines of *Reg3b^−/−^* mice. Red characters indicate deleted nucleotides and mutated amino acids. (B) Tissue extracts were prepared from the small intestine of 8- to 12-week-old *Reg3b*^*+/+*^ and *Reg3b*^*−/−*^ mice and examined by Western blotting with the indicated antibodies. Each number indicates an individual mouse. Results represent two independent experiments. (C, D) Paraffin-embedded tissue sections of the small intestine and colon of 8- to 12-week-old *Reg3b*^*+/^+^*^ and *Reg3b*^*−/−*^ mice were stained with anti-Reg3β antibody (for the small intestine) (C) or Hematoxylin & Eosin (H&E) (for the small intestine and colon) (D). Scale bars, 100 μm.Fig. 2

Two lines of *Reg3g*^*−/−*^ mice, designated as G151 and G152, harbored 4-bp and 25-bp deletions of exon 3 of *Reg3g*, respectively ([Fig. 3](#fig3){ref-type="fig"}A). Reg3γ expression was abolished in the small intestine of *Reg3g*^*−/−*^ mice ([Fig. 3](#fig3){ref-type="fig"}B). Notably, both lines also contained an in-frame deletion of exon 3 of *Reg3b*, resulting in generation of truncated forms of Reg3β (Reg3βΔ; [Fig. 3](#fig3){ref-type="fig"}C). Similar to *Reg3b*^*−/−*^ mice, *Reg3bΔ;Reg3g*^*−/−*^ mice grew without apparent abnormalities of the small intestine or colon ([Fig. 3](#fig3){ref-type="fig"}D). Because it was not clear whether Reg3βΔ would retain or lose Reg3β function, we focused on *Reg3b*^*−/−*^ mice for subsequent experiments.Fig. 3Generation of *Reg3g*^*−/−*^ mice. (A) Deletion of exon 3 of *Reg3g* genes in two lines of *Reg3g^−/−^* mice. Red characters indicate deleted nucleotides and mutated amino acids. (B) Tissue extracts were prepared from the small intestine of 8- to 12-week-old *Reg3g*^*+/+*^ and *Reg3g*^*−/−*^ mice (line G151) and examined by Western blotting with the indicated antibodies. Each number indicates an individual mouse. Results represent two independent experiments. (C) In-frame deletion of exon 3 of *Reg3b* in two lines of *Reg3g^−/−^* mice. Red characters indicate the deleted nucleotides. (D) Paraffin-embedded tissue sections of the small intestine and colon of 8- to 12-week-old *Reg3g*^*+/+*^ and *Reg3g*^*−/−*^ mice (line G151) were stained with H&E. Scale bars, 100 μm.Fig. 3

3.3. Deletion of *Reg3b* exacerbates the embryonic lethality of *X*^*CF*^*X* mice {#sec3.3}
---------------------------------------------------------------------------------

We next crossed *Reg3b*^*−/−*^ mice with *CFLARs* Tg mice. Numbers of *X*^*CF*^*X* mice on a *Reg3b*^−/−^ background were reduced compared to those on a *Reg3b*^+/+^ background (B12: 13.6% vs. 40.9%; B52: 11.4% vs. 48.6%; [Table 1](#tbl1){ref-type="table"}). Because relatively young *X*^*CF*^*X;Reg3b*^*+/-*^ mice became infertile (data not shown), we could not obtain sufficient *X*^*CF*^*X;Reg3b^−/−^* mice for timed mating with *XY;Reg3b*^*+/-*^ animals. Thus, there were technical difficulties with comparing ileitis severity in *X*^*CF*^*X*;*Reg3b*^*+/-*^ and *X*^*CF*^*X*;*Reg3b*^*−/−*^ mice in the same litter. Nevertheless, these results suggest that the absence of Reg3β exacerbated embryonic lethality in *X*^*CF*^*X* mice.Table 1Deletion of *Reg3b* exacerbates lethality of *CFLARs* Tg mice.Table 1Line B12*Reg3b*TotalGenotypes+/++/−−/−*XY*No.17201047*%*36.242.621.3100*X*^*CF*^*Y*No.0101*%*01000100*XX*No.2024751*%*39.247.113.7100*X*^*CF*^*X*No.910322*%*40.945.513.6100Line B52*Reg3b*TotalGenotypes+/++/−−/−*XY*No.23391476%30.351.318.4100*X*^*CF*^*Y*No.0000%0000*XX*No.30441791%33.048.418.7100*X*^*CF*^*X*No.1714435%48.640.011.4100[^2]

3.4. DSS-induced colitis is exacerbated in *Reg3b*^*−/−*^ mice {#sec3.4}
--------------------------------------------------------------

Previous studies have shown that Reg3β is involved in tissue homeostasis of the heart, liver, and intestine \[[@bib5],[@bib24],[@bib25]\]. However, whether Reg3β plays a protective role in DSS-induced colitis was unclear. To address this issue, *Reg3b*^*−/−*^ mice were administered with 1.5% DSS in drinking water for 5 days, which then was changed to regular water. Although Reg3β expression was undetectable in colon samples of untreated wild-type mice, the expression of *Reg3b* and *Reg3g* was elevated in colon samples from DSS-treated wild-type animals ([Fig. 4](#fig4){ref-type="fig"}A).Fig. 4Exacerbation of DSS-induced colitis in *Reg3b*^*−/−*^ mice. Two lines of 8- to 12-week-old of *Reg3b*^*−/−*^ mice and respective control wild-type mice were administered with 1.5% DSS in drinking water for 5 days, which then was changed to regular water. (A) RNA was prepared from colon samples of wild-type mice on day 8 after DSS treatment, and the expression of *Reg3b* and *Reg3g* was determined by qPCR. Results are mean ± SEM (n = 4 mice). Statistical significance was determined using the two-tailed unpaired Student\'s *t*-test. \**P* \< 0.05, \*\**P* \< 0.01. (B, C) The average body weight is shown as the percentage relative to the initial value. Results are mean ± SEM (n = 9--10 mice). Pooled results of two independent experiments are shown. Statistical significance was determined using repeated measures ANOVA. \**P* \< 0.05, \*\*\*\**P* \< 0.0001. (D) Colonic sections of the indicated mice on day 13 after DSS treatment were stained with H&E (n = 4 mice per genotype). Black arrows and arrowheads indicate submucosal edema and the inflamed colonic mucosa lacking epithelial cells, respectively. Scale bars, 100 μm. (E, F) Numbers of infiltrated neutrophils increased in the colon of *Reg3b*^*−/−*^ mice on day 8 after DSS treatment. Single cell suspension was prepared from the colon of wild-type and *Reg3b*^*−/−*^ mice. Cells were stained with the indicated antibodies, and percentages of CD11b^+^Ly-6G^+^ cells (neutrophils) among CD45.2-positive cells were calculated. The results are shown in the right upper corner. Representative profiles of flow cytometry (E). Results are mean ± SEM (n = 7 mice) (F). Pooled results of two independent experiments are shown. Statistical significance was determined using the two-tailed unpaired Student\'s *t*-test. \**P* \< 0.05. (G) Expression of the indicated genes in the colon of wild-type and *Reg3b^−/−^* mice on day 8 after DSS treatment was determined by qPCR. Results are mean of ± SEM (n = 8 mice). Pooled results of two independent experiments are shown. Statistical significance was determined using the two-tailed unpaired Student\'s *t*-test. \**P* \< 0.05, ns, not significant.Fig. 4

Body weight loss is a hallmark of the severity of colitis in DSS-treated mice, so we measured and compared body weights of two lines of *Reg3b*^*−/−*^ mice to those of control wild-type mice cohoused with *Reg3b*^*−/−*^ mice for at least 2 weeks. As shown in [Fig. 4](#fig4){ref-type="fig"}B and C, body weight loss was exacerbated in line B52 and to a lesser extent in line B12 of *Reg3b*^*−/−*^ mice compared to wild-type mice. Histological analysis revealed that IECs were still detached from the villi of colon samples from *Reg3b*^*−/−*^ mice, whereas wild-type mice almost completely recovered from epithelial injury of the colon ([Fig. 4](#fig4){ref-type="fig"}D). Moreover, submucosal edema was still observed in colon samples of *Reg3b*^*−/−*^ mice ([Fig. 4](#fig4){ref-type="fig"}D).

To investigate the mechanism underlying exacerbation of colitis in *Reg3b*^*−/−*^ mice, we analyzed infiltrated cells in the colons of wild-type and *Reg3b*^*−/−*^ animals on day 8 after DSS administration. Lines B12 and B52 of *Reg3b*^*−/−*^ mice had shown a similar phenotype after DSS treatment, so we focused on line B52 of *Reg3b*^*−/−*^ mice for subsequent analysis. As shown in [Fig. 4](#fig4){ref-type="fig"}E and F, numbers of infiltrated neutrophils (CD11b^+^Ly-6G^+^ cells) were significantly increased in the colons of *Reg3b*^*−/−*^ compared to wild-type mice.

Given that DSS-induced colitis was exacerbated in *Reg3b*^*−/−*^ mice, one might surmise that inflammation might be enhanced or tissue repair processes might be delayed in the colon of *Reg3b*^*−/−*^ mice. We first investigated the expression of inflammatory cytokines. The expression of *Il6*, but not *Tnf*, *Il11,Il17a, Il22, or Reg3g* was elevated in the colon of *Reg3b*^*−/−*^ mice compared to wild-type mice ([Fig. 4](#fig4){ref-type="fig"}G). Since M2-type macrophages are involved in tissue repair process \[[@bib6],[@bib26]\], we then examined the expression of M2-type macrophage markers such as *Arginase-1 (Arg1)*, *Chitinase-like 3 (Chil3), Mannose receptor C-type 1 (Mrc1),* and *Resistin-like alpha (Retnla)*. The expression of *Chil3*, but not *Arg1, Mrc1,* or *Retnla* was highly elevated in the colon of *Reg3b*^*−/−*^ mice compared to wild-type mice ([Fig. 4](#fig4){ref-type="fig"}G), suggesting that elevated expression of *Chil3* might be correlated with exacerbation of colitis in *Reg3b*^*−/−*^ mice.

4. Discussion {#sec4}
=============

In the present study, we generated *Reg3b*^*−/−*^ mice and showed that deletion of *Reg3b* exacerbated ileitis in *CFLARs* Tg mice. Moreover, DSS-induced colitis was exacerbated in *Reg3b^−/−^* compared to wild-type mice, suggesting attenuation of colitis and ileitis is a result of Reg3β′s real function.

We recently reported that expression of *Reg3b* and *Reg3g* is elevated in the *CFLARs* Tg embryonic small intestine but not in wild-type mice \[[@bib11]\]. Given that Reg3β is involved in tissue repair processes, based on various tissue injury models \[[@bib4],[@bib5],[@bib24],[@bib25]\], we surmised that deletion of *Reg3b* might exacerbate ileitis in *CFLARs* Tg mice. As expected, deletion of *Reg3b* enhanced embryonic lethality in these animals. Given that *CFLARs* Tg mice develop ileitis in utero, commensal bacteria do not appear to contribute to the development of ileitis in *CFLARs* Tg mice \[[@bib11]\]. Thus, Reg3β might attenuate ileitis in a manner independent of antimicrobial function. Consistent with this notion, dedifferentiated cardiomyocytes release Reg3β that recruits macrophages, promoting myocardial healing after ischemic injury \[[@bib5]\].

Ileitis in *CFLARs* Tg embryos is reminiscent of the necrotizing enterocolitis that affects extremely preterm infants \[[@bib27],[@bib28]\]. Necrotizing enterocolitis is characterized by dilatation of the intestine, destruction of the villus structures, and intestinal bleeding. Notably, the expression of *Reg3b* was absent in wild-type embryonic small intestine, but its expression was extremely high in the small intestines of adult wild-type mice. Assuming that Reg3β has a protective role in the development of ileitis, low expression levels of *Reg3b* might be causative in the development of necrotizing ileitis in extremely preterm infants in whom *Reg3b* expression is thought to be quite low.

Our preliminary experiments revealed that crossing *CFLARs* Tg mice with *Reg3bΔ;Reg3g*^*−/−*^ mice did not exacerbate the *CFLARs* Tg embryonic lethality (data not shown). We cannot formally exclude the possibility that deleting 5 or 11 amino acids of Reg3β protein might modulate Reg3β function. However, these results suggest that Reg3β and Reg3γ have different functions in terms of attenuation of ileitis in *CFLARs* Tg mice. Generation of single *Reg3g*^*−/−*^ mice will be required to further substantiate our preliminary results. Moreover, generation of compound knockout mice of *Reg3b* and *Reg3g* might also be required to elucidate the functions of Reg3β and Reg3γ under various pathological conditions in vivo.

In contrast to Reg3β, deletion of *Rorc* or *Il22* substantially rescued the embryonic lethality of *X*^*CF*^*Y* mice \[[@bib11]\]. These results appeared to be inconsistent because *Rorc* and *Il22* genes are essential for induction of *Reg3b* and *Reg3g* by the ILC3s/IL-22--dependent pathway \[[@bib11]\]. One plausible explanation is that deletion of *Rorc* and *Il22* suppresses apoptosis-promoting genes such as *Duox2* \[[@bib29]\] that are regulated by this pathway, attenuating the embryonic lethal phenotype of *X*^*CF*^*Y* mice.

Our present study showed that DSS-induced colitis was exacerbated in *Reg3b*^*−/−*^ mice. We found that submucosal edema was still present in colons of *Reg3b*^*−/−*^ mice on day 13 after DSS treatment, but this edema had completely disappeared in wild-type animals. Given that intestinal infection by *Salmonella* is exacerbated in *Reg3b*^*−/−*^ mice \[[@bib25]\], it is reasonable to surmise that Reg3β might act as an antimicrobial protein in limiting the penetration of commensal bacteria in the colon after DSS treatment. Consistent with this possibility, the numbers of infiltrated neutrophils and the expression of *Il6* were significantly increased in the colons of *Reg3b*^*−/−*^ mice compared to wild-type animals. Previous studies reported that Reg3β is involved in tissue repair processes through recruiting macrophages \[[@bib5]\], and that depletion of Ym1^+^ M2-type macrophages delays the recovery from DSS-induced colitis in mice \[[@bib26]\]. We found that the expression of *Chil3*, but not other M2-type macrophage markers including, *Arg1*, *Mrc1*, or *Retnla,* was elevated in the colon of *Reg3b*^*−/−*^ mice. Given that neutrophils and inflammatory macrophage highly express *Chil3* under certain conditions \[[@bib30],[@bib31]\], these results suggest that elevated expression of *Chil3* might only represent enhanced inflammation characterized by increased infiltration of neutrophils or inflammatory macrophages in the colon of *Reg3b*^*−/−*^ mice. However, we cannot formally exclude the possibility that recruitment of M2-type macrophages specifically expressed *Chil3*, but not other M2-type macrophage markers, might be delayed and still stay in the colon of *Reg3b*^*−/−*^ mice compared to wild-type mice due to the absence of Reg3β. To discriminate these two possibilities, we need to compare the kinetics of the expression of various M2-type macrophage markers including *Chil3*, and recruitment of Ym1^+^ macrophages in the colon of wild-type and *Reg3b*^*−/−*^ mice after DSS treatment.
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